Objective: The objective of the study was to characterize a previously unreported form of CNS barrier disruption in intracerebral hemorrhage (ICH): hyperacute injury marker (HARM).
Intracerebral hemorrhage (ICH) is a devastating disease often associated with poor prognosis and high mortality rates. 1 Tissue injury from primary ICH is due not only to the spaceoccupying effects of the initial hematoma, but also to an ongoing cascade of events resulting in toxicity from blood breakdown products, and release of thrombin and other inflammatory factors. 2 These events lead to blood-brain barrier (BBB) and blood-CSF barrier (BCSFB) disruption followed by development of vasogenic edema. 3 Prior imaging-based studies have described perihematomal and intrahematomal postcontrast enhancement in primary ICH and its importance as a marker of poor outcome. In the MRI literature, patterns of hematoma enhancement (representing classic BBB disruption) on postcontrast T1-weighted imaging in hyperacute primary ICH have been described, including their association with hematoma expansion and outcome. 4 Another type of contrast extravasation reported in ischemic stroke has been termed hyperintense acute injury marker (HARM), defined as the radiologic finding of hyperintense signal within the CSF spaces visualized on postcontrast fluid-attenuated inversion recovery (FLAIR) sequences. 5 This finding is visually distinct from and anatomically noncontiguous with the intraparenchymal enhancement seen on T1-weighted images. It has been hypothesized that HARM represents contrast leakage into the CSF space due to BCSFB or BBB disruption. 6 In ischemic stroke, HARM is associated with severe stroke at onset, poor clinical outcome, reperfusion injury, and hemorrhagic transformation. 5, 7 The objective of this exploratory study was to characterize HARM in primary ICH, which has not been previously reported.
METHODS
We performed a retrospective, cohort analysis of patients admitted to 2 hospitals with a diagnosis of primary ICH from February 2005 to April 2007. A combined total of approximately 150 -175 primary ICHs are seen annually at these hospitals. Patients were included if a postgadolinium FLAIR sequence was performed within 5 days of onset. Patients were excluded if they had isolated intraventricular hemorrhage (IVH), evidence of subarachnoid blood (on CT or MRI), or warfarin-related hemorrhage.
MRIs were acquired on either 1.5 T or 3 T systems with a standardized imaging protocol designed to assure image parity across scanners. Sequences included diffusion-weighted imaging (DWI), precontrast and postcontrast FLAIR, T2*-weighted gradient echo (GRE), and contrast-enhanced perfusion imaging (fixed gadolinium dose). In the majority of cases, a precontrast and postcontrast T1-weighted image was acquired.
The precontrast and postcontrast FLAIR sequences were evaluated for the presence of HARM (without corresponding hypointense signal on GRE) by a single reader (C.S.K.) blinded to clinical information. The presence of HARM was rated on a 5-point scale (none to bilateral and diffuse, table e-1 on the Neurology ® Web site at www.neurology.org). The postcontrast T1-weighted scans were evaluated for the presence of perihematomal and intrahematomal enhancement. 8
Standard protocol approvals, registrations, and patient consents. The study was approved by the local institutional review boards.
Statistical analysis. Group differences were analyzed using 2 analysis, Fisher exact test, Student t test, or the Mann-Whitney U test as appropriate. Multiple logistic regression analysis was performed to determine the effects of MRI timing and contrast dosing on HARM severity. As this was an exploratory analysis, no sample size calculation was performed. All statistical analyses were performed using the Statistical Package for the Social Sciences version 17.0 (SPSS, Chicago, IL).
RESULTS
A total of 46 patients met inclusion/ exclusion criteria. Baseline characteristics are provided in table 1. Overall, 85% of patients showed some degree of HARM, and 50% showed moderate to severe HARM (figure 1). In all cases, the sulcal enhancement was noncontiguous with the hematoma. Table 1 also provides baseline characteristics for patients with absent or mild HARM (score 0 -2) compared to those with moderate to severe HARM (score 3-4). There were no significant differences between the groups, although the moderate to severe HARM group tended to have a higher baseline NIHSS ( p ϭ 0.07) and larger hemorrhage volumes ( p ϭ 0.09). Figure 2 and figures e-1 and e-2 provide case illustrations. The majority of patients (67%) received the same number of gadolinium doses during the index scan. However, 10 patients had an MRI with gadolinium prior to the index scan, with the total number of doses ranging from 1 to 4. Table e-2 shows the group characteristics of the subset of patients without a prior MRI. HARM severity tended to decrease with greater elapsed time between symptom onset and MRI (r ϭ Ϫ0.34, p ϭ 0.02), whereas HARM severity increased with higher number of gadolinium doses (r ϭ 0.38, p ϭ 0.01). On logistic regression analysis, independent predictors of HARM severity included higher number of gadolinium doses (B ϭ 0.77, p ϭ 0.025) with a trend for shorter time interval to MRI (B ϭ Ϫ0.02, p ϭ 0.057).
Of the 32 patients with postcontrast T1-weighted imaging, 72% had at least one type of enhancement, 19 with perihematomal (rim) and 10 with intrahematomal (spot sign) enhancement. Ninety-six percent of patients with enhancement also had HARM. Among patients without enhancement on postcontrast T1, all patients had HARM. See figures e-2 and e-3 for examples. DISCUSSION This retrospective analysis characterizes the previously unreported finding of HARM in primary ICH. In our cohort, HARM was visualized in 85% of patients and was remote from the hematoma in all cases. In one-half of patients, HARM was graded as moderate to severe. Intraparenchymal enhancement on T1-weighted imaging was visualized in approximately 3-quarters of patients (either at the rim of the hematoma or within the core [MRI equivalent of the spot sign 8 ]). Visual inspection demonstrated that HARM and T1 enhancement can occur independently, and an emerging literature suggests that these are 2 distinct pathophysiologic phenomena.
A growing body of data has elucidated the time course and cascade of events that lead to brain injury and CNS barrier disruption following ICH. 1, 2 An early phase of CNS barrier opening likely occurs in the first few hours after ICH, followed later by frank BBB and BCSFB permeability due to release of oxygen free radicals, matrix metalloproteinases, and other factors. It is generally accepted that contrast extravasation within or at the rim of the hematoma represents classic BBB disruption (particularly in the form of the spot sign) and is a marker for hematoma expansion and poor outcome. 8 These forms of local enhancement on T1-weighted sequences are likely due to direct contrast leakage from ruptured vessels (spot sign), or microscopic disruption of the BBB in perihematomal regions (rim enhancement). In contrast, the pathophysiology leading to HARM (FLAIR sulcal enhancement remote from the hematoma) is less well understood, particularly in ICH, but likely involves a combination of BBB and BCSFB disruption.
As an imaging indication of CNS barrier disruption, HARM is an appealing biomarker (analogous to, but distinct from, the spot sign) for testing putative therapies for ICH aimed at stabilizing CNS barriers. 9, 10 Since studies have demonstrated that development of CNS barrier permeability precedes development of vasogenic edema, therapeutic agents that specifically target CNS barrier disruption have the potential to reduce mass effect and interrupt the further cascade of injury.
The study has a number of limitations. The sample may be biased, as included subjects had relatively small hematoma volumes and low NIHSS scores, likely due to MRI eligibility criteria. Although unlikely, GRE may not have completely excluded a component of subarachnoid blood appearing as HARM. While variable gadolinium dosing between patients was a limitation, it did allow us to demonstrate that higher number of doses were correlated with higher HARM scores. Due to small sample size, we were only able to identify a trend toward an association between HARM severity and 1) higher NIHSS scores, 2) larger hematoma volumes, and 3) shorter time to MRI. Further studies employing larger datasets are needed to confirm these findings, define the time course of HARM, and elucidate its prognostic implications in ICH.
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